The double-velocity symmetrical superposition method (DVSSM), which consists of superimposing and averaging two synchronization signals measured at two symmetrical points of the neutral plane of flexural vibration (in an angle of 90°), is proposed to eliminate the high-frequency interference at pipe pile head without increasing the predominant period of impact pulse. An analytical solution is derived using the transfer matrix method. The calculated responses from the developed solution are compared with the experimental results for different receiving radius angles to evaluate the effectiveness of the developed solution. A parametric study is also conducted to investigate the suitability of the DVSSM. The findings demonstrate that the high-frequency interference is caused by a combination of the flexural behavior of the pile cross-section and the wave propagation along the pipe pile head. The flexural vibration mode comprises the primary component of the high-frequency interference, which can be eliminated through the DVSSM without increasing the predominant period of impact pulse. The DVSSM can serve as an efficient method to detect defects near the pile head with much higher detection accuracy than the conventional method.
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Introduction
Low-strain integrity testing is a cost-efficient and straightforward method for evaluating pile integrity. This test consists of a hammer striking the pile head and a receiver measuring the dynamic velocity response of pile head. There are three possible natural modes for wave propagation in cylindrical systems: longitudinal, torsional and flexural (Pavlakovic 1998 ). Large solid piles or pipe piles exhibit serious three-dimensional characteristics during low-strain integrity testing, which leads to adverse high-frequency interference at pile head (Liao and Roesset 1997). For solid cross-section piles, the interference of torsional and flexural movements is minimal and can be ignored due to the symmetry of the impact load. Chen and Wang (1998) attributed the high-frequency interference to the superposition of multiple reflections of S-wave and R-wave at the lateral surface of pile top. Chai et al. (2010 Chai et al. ( , 2013 found that when the ratio of the characteristic wavelength to the pile radius is large enough, the disturbance of the Rayleigh wave can be D r a f t 3 suppressed. Zheng et al. (2016a Zheng et al. ( , 2017 utilized an analytical method to investigate the optimal distance between the striking point and the receiver, and proved that 0.5R-0.7R (i.e., R is the pile radius) is the optimal location to place the receiver where the interference amplitude is minimal. Seidle and Tan (2004a, 2004b) experimented to eliminate the interference of Rayleigh wave by subtracting its vertical velocity component of Rayleigh waves, which can be derived by applying an appropriate correlation factor to the measured horizontal velocity component. Rong and Zhao (2017) reported that for a solid pile, the superimposed signal measured at the two sides of the interference minimum point is clearer than that measured at the interference minimum point.
For pipe piles, there exists an obvious flexural vibration mode owing to the asymmetric impact loading. The flexural movement and the propagation of the complex wave pattern along the pile head comprise the major components of the high-frequency interference. Fei et al. (2007) separated the resonant frequency of the flexural movement and the complex wave (S-wave and Rayleigh wave) propagation along the circumferential direction of pile head from the velocity admittance curve. Ding et al. (2011a) proposed that the frequency range of the high-frequency interference is affected by the pile parameters such as radius and modulus, and that the peak amplitude of the response depends on the external conditions such as the predominant period of impact pulse and soil resistance.
In order to minimize the interference caused by the flexural movement, the receiver is often placed on the neutral plane of flexural vibration where the radius angle from the impact point is 90° (Ding et al. 2011b ). Liu et al. (2017) and Lu et al. (2013) observed that the phases of the high-frequency interference are symmetrically distributed at the two sides of the neutral plane of flexural vibration, with nearly equivalent amplitude values.
Increasing the predominant period of impact pulse is the most widely used method to weaken the adverse D r a f t 4 influence of the high-frequency interference. However, the detection accuracy for the shallow defects and small defects decreases with the increasing predominant period of impact pulse. Therefore, there is a need to develop a methodology to sufficiently minimize the high-frequency interference without reducing detection accuracy for pipe piles integrity testing. The double-velocity symmetrical superposition method (DVSSM), which consists of superimposing and averaging two synchronization signals measured at two symmetrical points of the neutral plane of flexural vibration (in an angle of 90°), is proposed herein to eliminate the high-frequency interference while maintaining the detection accuracy. Also, the DVSSM is employed to clarify the formation mechanism of the high-frequency interference at the pipe pile head. An analytical solution is developed with the consideration of the soil-plug effect and the additional soil embedded in the defect. The rationality and accuracy of the DVSSM have been confirmed through the comparison of the calculated and measured curves.
Mathematical model and assumptions
The conceptual model is shown in Fig. 1 . To allow for the variation of pile cross-section and the soil properties, the soil-pile system is divided into k segments, 1, 2, …, j, …, k from pile toe to pile head. The pile cross-section and the soil are assumed to be homogeneous within each segment but can vary from layer to layer.
The wall thickness, outer, inner and average radii of the jth pile segment are represented by , , and
is the depth measured from the ground surface to the bottom of the jth 
R
interaction between the pipe pile and soil plug is simulated by the additional mass model (Wu et al. 2017a (Wu et al. , 2017b The following assumptions are adopted in the analysis:
(1) The vertical displacement of the pipe pile is assumed to be constant in the radial direction (Zheng et al. 2015 (Zheng et al. , 2016b .
(2) The soil-pile system is subjected to small deformations and strains during vibration.
(3) The soil adjacent to pile is assumed to be a viscoelastic horizontally layered half space, having infinite extent in the radial direction. The stress and displacement of the surrounding soil approach zero at an infinite radial distance.
(4) There is no slippage between the soil embedded in the neck or crack and the pile segment.
(5) At the beginning of vibration, the displacement and velocity of the soil-pipe pile system are set to zero. 
General equations and solutions

Dynamic equation of soil adjacent to pile and its solution
The dynamic equation of the pile adjacent soil is governed by the plane strain assumption (Novak et al. 1978; El Naggar and Novak 1994) , and can be established as: 
where is the shear modulus of the jth soil layer, and is the modified Bessel function of the
second kind of order one. represents the vertical complex stiffness of the surrounding soil transferred to 1 s j k the unit area of the pile outer wall, and can be defined as:
Dynamic equations of pipe pile
The dynamic equation of the jth pile segment is established as: 
where is the simplified form of the vertical displacement of the fictitious ring-soil pile . The dynamic equation of the jth soil plug segment is formulated as:
where is the density of the jth soil plug segment. The impact impulse striking on the pile head is assumed to be a semi-sinusoidal force with an amplitude of and a predominant period of impact pulse of .
where denotes the Dirac function.
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Boundary conditions at the top and bottom of the pipe pile are given as: respectively. denotes the total cross-sectional coverage area of the pipe pile.
The displacement continuity condition between the pile segment and its embedded fictitious ring-soil pile is assumed as:
The displacement and stress compatibility conditions of the jth pipe pile segment are given as: 
Initial conditions of the soil-pile system are given as:
Solution of the vertical vibration of pipe pile
Performing Laplace transform on Eq. (5), Eq. (6) and Eq. (7) yields: 
After utilizing the compatibility condition of Eq. (13) 
For the intact pile segment, it is only required that to satisfy the equation. (23) can then be rewritten as:
The solution of Eq. (24) has the form: (28) into Eq. (24) gives:
The general solution for is determined as: 
The general solution of Eq. (24) can be formulated as:
where , and are two constants for determination. (31) into the boundary condition (9) at pile head segment yields:
Where is the Laplace transform of the function .
Multiplying both sides of Eq. (32) by and integrating over the interval gives:
Combing the boundary condition (10) at pile toe yields:
Utilizing the displacement and stress continuity conditions, two following equations can be obtained:
Eq. (35) and Eq. (36) can be expressed in the following form:
where,
Eq. (37) can be further rewritten as
Through the transfer matrix method, one can obtain:
11 12 21 22
and can be determined as:
The vertical displacement of the pile head is given as:
The dynamic velocity response in the frequency domain is determined as:
The dynamic velocity response at the pile head in the time domain can be obtained via the inverse Fourier transform as:
Evaluation of the proposed approach
In order to evaluate the effectiveness of the developed solution for this application, its predictions for different radius angles are compared with those of experimental results conducted by Luo (2002) . The length, outer and inner radii, density, Young's modulus and Poisson's ratio used in the experiment were 13 m, 0.4 m, 0.29 m, 2550 kg/m 3 , 47 GPa and 0.22, respectively. The pipe pile was laid on the ground and the soil resistance was ignored. All parameters used in the calculation using the proposed approach are the same as those in the experiments.
The measured and calculated dynamic velocity responses obtained at the pile top for different radius angles are compared in Fig. 2 . The predominant period of impact pulse in the Fig. 2 (a), (b) , (c) was 0.6, 1.0, 0.8 ms, respectively. It is observed from Fig. 2 that the calculated curves using the developed solution agree well with the measured curves; the arrival time and the calculated peak amplitudes of the high-frequency interference are approximately equal to those of the measured curves. However, there exists some discrepancy in the amplitude values of the high-frequency interference of the calculated and measured curves. This discrepancy may be due D r a f t 14 to measurement error related to the sensitivity of the accelerometer, given the high frequency and low peak amplitudes of the measured response. The above analysis suggests that the developed theoretical model could serve as an effective method to simulate the dynamic velocity response at different points around the pile circumference at the pipe pile head. The conventional two velocity signals method, which involves two acceleration measurements along the pile shaft at known distances, is often used to determine the pile material stress wave velocity or testing of piles under existing structures (Johnson and Rausche 1996) . To verify the suitability of the double-velocity symmetrical superposition method in low-strain testing of pipe piles, its prediction is compared with the direct and reflected signals in the superimposed and the direct testing curves are nearly the same. However, the peak value of the high-frequency interference in the superimposed curve is slightly smaller than that of the direct testing curve. To examine the influence of the radius on the performance of the DVSSM, the inner and outer radii of the pile are set to 0.4 m and 0.5 m while the other parameters are kept the same as those used in Fig. 4 . Figure 6 presents the results for this case, which demonstrates that the peak value of the high-frequency interference increases for the direct testing curve but remains basically unchanged for the superimposed curve. Furthermore, comparing the results in Figures 4 and 6 suggests that the effect of the DVSSM increases with pipe pile radius. Based on the above analyses, it can be concluded that the peak value of the high-frequency interference in the direct testing curve increases significantly as the flexural stiffness of the pipe pile decreases (e.g., decrease in Young's modulus and pipe pile wall thickness). Nevertheless, the variation of the flexural stiffness of the pipe pile has an insignificant effect on the superimposed curve. This confirms that the DVSSM can sufficiently eliminate the high-frequency interference component owing to the flexural vibration mode and that the DVSSM performs better for pipe piles with low flexural stiffness.
Effect of interval angle between measurement points and neutral plane on performance of DVSSM
D r a f t Figure 8 depicts the effect of interval angle between the measurement points and the neutral plane on the performance of the DVSSM. The interval angle between the measurement points and the neutral plane is set to =30°, 45°, 60° (as depicted in Fig. 1(b) ); the other parameters are kept the same as those used for results in   Figure 6 . As shown in Fig. 8 , the performance of the DVSSM increases firstly with the interval angle, but when the interval angle is higher than a particular value, say 45° in this case, then further increase of interval angle will inversely enlarge the peak value of the high-frequency interference. Besides, the incident signal of the superimposed curve of will diverge from the direct testing curve. Therefore, the interval angle of 60     45° may be the optimum interval angle. Figure 9 demonstrates the influence of the predominant period of impact pulse on the performance of the DVSSM. The predominant period of impact pulse in Fig. 9 is set as 1.8 ms; the other parameters are kept the same as those used for the results presented in Figure 6 . As observed in Fig. 9 , the peak value of the high-frequency interference decreases significantly with the increasing predominant period of impact pulse; the direct testing curve almost coincides with the superimposed curve. This is because the high-frequency interference component due to the flexural vibration mode is suppressed when the predominant period of impact pulse is large enough (Chai 2010 (Chai , 2013 . Therefore, the advantage of the DVSSM over the direct testing method is not significant when the predominant period of impact pulse is large enough. Figure 10 also shows that there still exists some small undulations in both the direct testing and superimposed curves, which is very difficult to be eliminated even when the predominant period of impact pulse increases to 1.8 ms. This may be attributed to the propagation of the complex wave patterns along the pipe pile head (Chen and Wang 1998; Zheng et al. 2016b ). The arrival time of the amplitude peak of the high-frequency interference in the direct testing and the superimposed curves for different predominant periods
Influence of the predominant period of impact pulse on the performance of the DVSSM
of impact pulse is demonstrated in Table 1 and 2, respectively. The predominant period of impact pulse in Table 1 and 2 is set to 1.4, 1.8 and 2.2 ms; and the other parameters are kept the same as those used in Fig. 6 . Table 1 and 2 illustrate that the arrival time and the adjacent time interval of the amplitude peak of the high-frequency interference in the two curves are nearly the same for a given predominant period of impact pulse. The adjacent time interval in both curves increases as the predominant period of impact pulse increases.
The apparent wave velocity is proposed and is defined in this investigation as the ratio between the perimeter of pipe pile and the average adjacent time interval. As shown in Table 1 and 2, the apparent wave velocity decreases as the predominant period of impact pulse increases. This is because the interference component owing to the flexural vibration mode decreases with the increasing predominant period of impact pulse. When the predominant period of impact pulse is higher than a specific value, say 2.2 ms, the interference component attributed to the flexural vibration mode is much reduced and can be neglected. In this case, the high-frequency interference is mainly caused by the propagation of the complex wave patterns along the pipe pile head. The propagation velocities of the longitudinal, shear, and Rayleigh waves arose from the impact pulse can be calculated respectively as follows
( 1 2 Table 1 and 2 demonstrate that apparent wave velocities of the complex wave patterns propagating along the pile head fall between the longitudinal and shear wave velocities of the pile, and the findings have been re-confirmed.
The above analysis confirms the rationality and accuracy of the DVSSM. It is evident that using a larger predominant period of impact pulse is sufficient to suppress the high-frequency interference conventionally.
However, the detection accuracy of low-strain integrity testing also decreases, especially for the shallow and small defects. The DVSSM can overcome this problem, which is discussed in details in the next section. Table 1 Arrival time of amplitude peak of the high-frequency interference in the direct testing curves Table 2 Arrival time of amplitude peak of the high-frequency interference in the superimposed curves
Application of DVSSM in defect detection
Detection of small crack near the pipe pile head
Small defects near the pile head are typically difficult to detect because the reflected signals from the defects may be obstructed by the incident wave signal or misinterpreted as the high-frequency interference. Chow et al. (2003) reported that the defects near the pile head might be distinguished by comparing the abnormally increased negative dip following the incident wave signal. However, the extent of abnormal increase is difficult to be clearly defined. Chai and Phoon (2013) utilized the second incident wave signal reflected from the pile toe to distinguish defect signal from the strong high-frequency interference near the pile head. This method is D r a f t 21 useful for solid cross-section piles. However, this method may not be suitable for pipe piles owing to the weak reflected signal from the pile toe due to the double damping effect at the inner and outer surfaces, as well the relatively small pile cross-section area. There is still no effective method to detect the small defects near pipe pile head accurately. In this section, the application of the DVSSM for the detection of defects near the pipe pile head is investigated. The length, outer and inner radii, density, Young's modulus and Poisson's ratio of the respectively, and is assumed to be filled with soil. Two lengths of impulse are adopted as T=1 ms, 1.8 ms. Figure 11 depicts the application effect of the DVSSM for the detection of small defects near the head of a pipe pile. As shown in Fig. 11(a) , when T= 1 ms, the high-frequency interference in the direct testing curve is very strong such that the reflected signal from the defect can be hardly distinguished. When T= 1.8 ms, the high-frequency interference in the direct testing curve has been sufficiently suppressed as displayed in Fig.   11(b) . However, the defect still cannot be detected because the reflected signal from the defect is obstructed by the increasing incident wave signal. As demonstrated in Fig. 11(a) , the superimposed curve is relatively stable and the defect can be accurately detected for the signal with T= 1 ms. This confirms that the DVSSM can serve as an efficient method to accurately detect small defects near the pipe pile head. Other parameters are the same as those used in Fig. 11 . It is noted that the defect is complicated to be distinguished from the direct testing curve due to the strong high-frequency interference. Nevertheless, if the impulse length increases to T=1.8 ms, the adverse high-frequency interference is eliminated, but the reflected signal from the defect can still not be detected as shown in Fig. 12(b) . This is because the wavelength increases with the predominant period of impact pulse (Chai et al. 2010) , which leads to a decrease in the detection accuracy. In contrast, the DVSSM has satisfied detection accuracy, and the reflected signals from the top and bottom surfaces of the small defect can be identified in the superimposed curve. Therefore, one can conclude that the DVSSM is more accurate in defect detection than the conventional direct testing method. 
Conclusions
The double-velocity symmetrical superposition method (DVSSM) is proposed to eliminate the high-frequency interference at the pipe pile head during low-strain integrity testing. An analytical solution is developed using the transfer matrix method. A parametric analysis is conducted to investigate the applicability of the DVSSM. The rationality and accuracy of the DVSSM have been confirmed through the comparison of the calculated and measured curves. The main conclusions can be drawn as follows:
(1) The DVSSM is more accurate in defect detection than the conventional direct testing method.
(2) The DVSSM can serve as an efficient method to detect the small defects near the pipe pile head. (4) The superimposed curve based on the DVSSM is more stable than the direct testing curve. The flexural stiffness of pipe piles and the predominant period of impact pulse have little effects on the superimposed curve.
(5) The main component of the high-frequency interference is due to the flexural vibration mode, which can be sufficiently eliminated through the DVSSM without increasing the predominant period of impact pulse.
(6) The contribution of the wave propagation along the pipe pile head to the high-frequency interference is relatively small and difficult to remove.
(7) The DVSSM has a distinct advantage in eliminating the high-frequency interference for pipe piles with low flexural stiffness subjected to a short predominant period of impact pulse. 
